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201 T

202 — ] Programming Phase Y

Turn on switch transistor by V1H
Connecting programming voltage driver to the gate of drive transistor

v

208 — T~ Turn off first variable capacitor by V"
Removing charge from the gate of the first variable capacitor

v

Turn on the second variable capacitor by V;"-
Storing charge on the gate of the second variable capacitor

v

Reach Set-Points in the Programming Phase
Drive transistor is in saturation mode
Switch transistor is in triode mode
First variable capacitor is OFF
Second variable capacitor is ON

206 — |

210 —

212 —

Driving Phase

204

214 — T

Y
Turn off switch transistor by V"
Isolating the programming voltage driver from the gate of the drive transistor

L]

Turn on first variable. capacitor by \
21 6 e The first variable capacitor draws charge from the gate of the drive transistor to provide a
compensation to the gate voltage of the drive transistor to compensate the AV of the drive transistor

Y

Tum off second variable capacitor by Va"
2 1 8 ~— ] The second variable capacitor injects charge onto the gate of the drive transistor to boost the gate
voltage of the drive transistor so as to improve the drain-to-source current of the drive transistor

Y

220 — Reach Set-Points in the Driving Phase
Drive transistor is in saturation mode

Switch transistor is off

Frist variable capacitor is on

Second variable capacitor is off

Figure 4
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1
APPARATUS AND METHOD FOR
ELECTRICAL STABILITY COMPENSATION

FIELD

The present disclosure relates generally to electrical stabil-
ity compensation. More particularly, the present disclosure
relates to an apparatus and method for electrical stability
compensation.

BACKGROUND

Transistors, for example, thin-film transistors (TFTs), may
be made using inorganic or organic materials such as amor-
phous silicon, polycrystalline silicon, nano-crystalline sili-
con, zinc oxide (Zn0O), InGaZnO, pBTTT polymers, etc. In
many cases, the transistor may be subject to degradation over
time, causing instability in the transistor’s operation. Degra-
dation and/or instability of a transistor could be caused by
various factors, such as electrical stress, light exposure,
mechanical strain/stress, environment temperature and mois-
ture etc. In particular, degradation of a transistor can cause
instability in the provision of current to a load that is con-
nected to the transistor.

For example, in light emitting displays, such as light emit-
ting diode (LED) displays or organic light emitting diode
(OLED) displays, degradation of the transistor driving a
light-emitting device may result in inconsistent light-emitting
device drive current, and, as a result, inconsistent brightness
of the light-emitting device. The resulting degradation of the
brightness of the light-emitting device may reduce the life-
time of the display and cause visual non-uniformities in the
display.

Electrical instability of a transistor may be characterized as
current fluctuation and/or a threshold voltage shift (V -shift,
AV ;). A conventional simple voltage programmed two-tran-
sistor pixel circuit may not fully compensate for light emitting
device current instability caused by AV, of the drive transis-
tor due to electrical stress. Therefore, it is desirable to com-
pensate AV ;. so as to stabilize the drive current provided by
the drive transistor to the load.

In a display, voltage compensation can be used to compen-
sate for the degradation of the drive transistor to minimize the
instability of the drive current provided from the drive tran-
sistor to the light-emitting device. It will be understood that
voltage compensation may also be useful in steady state light-
ing and other situations where a stable drive current is needed.

There are known methods and circuits for compensating
for threshold voltage shift of a drive transistor. However,
these conventional methods have limitations.

In displays, conventional AV compensation methods
include current programming methods and voltage program-
ming methods. The current programming methods typically
use two transistors in series with an electroluminescent
device, causing higher static power consumption. The higher
power consumption may be undesirable in some applications
of displays, such as portable electronics, where power con-
sumption is critical to battery life. The relatively slow pro-
gramming speed of conventional programming methods can
limit the size of the display and programming speed may be
particularly slow for smaller programming currents and/or
larger display sizes.

On the other hand, voltage programming methods typically
use specialized cycles during a programming phase to com-
pensate for electrical instability but require longer program-
ming times, complicated control signals, and complicated
external drivers. Limited AV ;~generation speed results in a
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lower programming speed. Since more than one transistor is
typically used in the current path of the light-emitting device,
higher power is consumed. The increased power consumption
may be undesirable in low-power applications such as
AMOLED displays in portable electronics. Control signals
may be complicated and increase the complexity of the exter-
nal driver.

Conventional circuits for AV ,-compensation can also
include optical feedback provided by a photo-sensor to cor-
rect the decay of OLED luminance. The photo-sensor may
complicate the pixel circuit and take up pixel area, resulting in
lower aperture ratio and resolution. Instability of the photo-
sensor and light interference from the environment and neigh-
bouring pixels may also cause errors in the feedback loop.

Conventional pixel circuits for AV, compensation may
also use an external driver (e.g. a complementary metalox-
idesemiconductor (CMOS) driver) to detect and correct the
AV ,of the drive transistor. External drivers may be intended
to compensate for AV - but these approaches are complicated.
Methods using external drivers to detect and compensate for
AV, of the drive transistors generally have limited compen-
sation resolution. The number of pixels which can be moni-
tored by the external driver is limited by the pixel measure-
ment speed, so the resolution of AV ,-compensation is
limited.

It is, therefore, desirable to provide an improved apparatus
and method for electrical stability compensation.

SUMMARY

It is an object of the present disclosure to obviate or miti-
gate at least one disadvantage of conventional systems.

The apparatus and method are intended to compensate for
electrical instability of a drive transistor and are also intended
to have at least one of faster programming speed, simplified
control signals, simplified circuit structure, and lower static
power consumption. These aspects are intended to provide
improvement over conventional apparatus and methods.

More particularly, the apparatus and method herein are
intended to enable a voltage-programmed pixel circuit for
light-emitting displays to allow compensation of electrical
instability of transistors driving a light-emitting device in a
pixel. These aspects are intended to provide improvement
over conventional apparatus and methods, in particular for
AMOLED displays, and large-area displays.

In a first aspect, the present disclosure provides an appara-
tus for electrical stability compensation including a drive
transistor connecting a power supply to a load, a first variable
capacitor having a gate and a source, and a switch transistor
for controlling a connection between a programming signal
source and a gate of the drive transistor. The gate of the first
variable capacitor is connected to the gate of the drive tran-
sistor and the first variable capacitor is configured to draw a
charge from the gate of the drive transistor during a driving
phase for the load.

In a further aspect, the apparatus includes a second variable
capacitor having a gate and a source. The gate of the second
variable capacitor is connected to the gate of the drive tran-
sistor and the variable capacitor is configured to inject a
charge to the gate of the drive transistor during the driving
phase.

In a further aspect, the first variable capacitor includes a
transistor in which a source and a drain are shorted. In a
further aspect, the transistor is an asymmetrical transistor.

In a further aspect, the first variable capacitor includes a
capacitor and a transistor wherein the capacitor is connected
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between a source and gate of the transistor and a gate of the
transistor is connected to the gate of the drive transistor.

In a further aspect, the gate and source of the first variable
capacitor are determined based on a dependence of the
capacitance of the first variable capacitor to the gate to source
voltage and the threshold voltage.

In a further aspect, the second variable capacitor includes a
transistor in which a source and a drain are shorted. In a
further aspect, the transistor is an asymmetrical transistor.

In a further aspect, the second variable capacitor includes a
capacitor and a transistor wherein the capacitor is connected
between a source and gate of the transistor and a gate of the
transistor is connected to the gate of the drive transistor.

In a further aspect, the gate and source of the second
variable capacitor are determined based on a dependence of
the capacitance of the first variable capacitor to the gate to
source voltage and the threshold voltage.

In a further aspect, the drive transistor is an asymmetrical
transistor.

In a further aspect, the load includes a light emitting ele-
ment.

In a further aspect, the light emitting element includes an
organic light emitting diode (OLED).

In a second aspect, the present disclosure provides a
method for electrical stability compensation including pro-
viding a programming phase during which a programming
signal is provided to a gate of the drive transistor and a charge
is released from a first variable capacitor, and providing a
driving phase during which a charge is drawn from a gate of
the drive transistor by the first variable capacitor.

In a further aspect, the method includes, during the pro-
gramming phase, a charge is stored in a second variable
capacitor and during the driving phase, a charge is injected to
the gate of' the drive transistor by the second variable capaci-
tor.

In a further aspect, the load includes a light emitting ele-
ment.

In a third aspect, the present disclosure provides an appa-
ratus for electrical stability compensation including a drive
transistor connecting a power supply to a load, a first variable
capacitor comprising a transistor in which a source and a
drain to provide a gate and a source, wherein the gate of the
first variable capacitor is connected to the gate of the drive
transistor and the first variable capacitor is configured to draw
a charge from the gate of the drive transistor during a driving
phase for the load, a second variable capacitor comprising a
transistor in which a source and a drain to provide a gate and
a source, wherein the gate of the second variable capacitor is
connected to the gate of the drive transistor and the variable
capacitor is configured to inject a charge to the gate of the
drive transistor during the driving phase, and a switch tran-
sistor for controlling a connection between a programming
signal source and a gate of the drive transistor.

Other aspects and features of the present disclosure will
become apparent to those ordinarily skilled in the art upon
review of the following description of specific embodiments
in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present disclosure will now be
described, by way of example only, with reference to the
attached Figures.

FIG. 1is a simplified drawing of a generic schematic of an
array having a electrical stability compensation apparatus, in
accordance with an embodiment;
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FIG. 2 illustrates a pixel circuit, in accordance with an
embodiment;

FIG. 3 illustrates a driving scheme for electrical stability
compensation, in accordance with an embodiment;

FIG. 4 illustrates a method, of electrical stability compen-
sation, in accordance with an embodiment;

FIGS. 5 and 6 are graphs of simulation results of the pixel
circuit of FIG. 2 showing charge components versus AV ., for
the brightness data voltage programmed into the circuit by the
data driver equals 25V and 10V, respectively;

FIG. 7 is a graph of simulation results of the pixel circuit of
FIG. 2 showing the incremental change of gate-to-source
voltage of a drive transistor after reaching a set-point in a
driving phase (AVGS’O"’””) versus V., for different AV, ;

FIG. 8 is a graph of simulation results of the pixel circuit of
FIG. 2 showing OLED current after it reaches the set-point in
the driving phase (I, .,%™) versus V ,,,, for different AV,

FIG. 9 is a graph of simulation results of a conventional
voltage-programmed 2-transistor pixel circuit showing
Lorsn™ versus V ,,, for different AV o,

FIG. 10 is a graph of simulation results of the detail of FIG.
8 showing I, ., versus V ;. for different AV o

FIG. 11 is a graph of simulation results of the pixel circuit
of FIG. 2 showing normalized simulation results of I, .,
versus AV, for V., =25V and different I ;, ;

FIG. 12 is a graph of simulation results of the pixel circuit
of FIG. 2 showing 1, .,“" versus V ,,, for different W;

FIG. 13 is a graph of simulation results of the pixel circuit
of FIG. 2 showing V ; ,(t) for AV =0V and different initial
values of V; (1) in a programming phase;

FIG. 14 is a graph of simulation results of the pixel circuit
of FIG. 2 showing a significant AV, leads to a small
AV o 2% due to steep OLED characteristic (for
V£ 75=16.7V);

FIG. 15 is a graph of simulation results of the pixel circuit
of FIG. 2 showing V¢ ,*" and V o,z versus V,,, and
different AV .,

FIG. 16 is a graph of simulation results of the pixel circuit
of FIG. 2 showing V 55,“"/V g5,0™" versus V ., and differ-
ent AV,

FIG. 17 is a photo of a fabricated sample of the pixel circuit
of FI1G. 2;

FIG. 18 is a graph of measurement results showing nor-
malized I DS’O‘M” versus stress time for the pixel circuit of FIG.
2 and a conventional voltage-programmed 2-transistor pixel
circuit without AV ,,-compensation;

FIG. 19 is a graph of C-V measurement results of the TFTs
in the pixel circuit of FIG. 2 before and after applying a
240-hour stress test;

FIG. 20 is a graph of the measurement results of the transfer
characteristics of the drive TFT in the pixel circuit of FIG. 2
before and after applying a 240-hour stress test;

FIG. 21 is a graph of the measurement results of the
1 DS,O"’”'” versus V ,,, of the pixel circuit of FIG. 2 before and
after applying a 240-hour stress test;

FIG. 22 is a graph of the measurement results of V,,V,, V,
V,10g (switching from high to low, and low to high, respec-
tively), and the transient behaviors of 1, ; in the pixel circuit
of FIG. 2 before and after applying a 240-hour stress test;

FIG. 23 illustrates a pixel circuit with a load between the
drive transistor and the power supply (i.e., Vp), in accor-
dance with an embodiment;

FIG. 24 illustrates a pixel circuit with a switch transistor
and a first variable capacitor sharing a control signal, in accor-
dance with an embodiment;

FIG. 25 illustrates a driving scheme for the pixel circuit of
FIG. 24, in accordance with an embodiment;
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FIG. 26 illustrates a pixel circuit with a drive transistor and
a second variable capacitor sharing a control signal, accor-
dance with an embodiment;

FIG. 27 illustrates a driving scheme for the pixel circuit of
FIG. 26, in accordance with an embodiment;

FIG. 28 illustrates a pixel circuit with two rows of pixels
sharing control signals, in accordance with an embodiment;

FIG. 29 illustrates a driving scheme for the pixel circuit of
FIG. 28, in accordance with an embodiment;

FIG. 30 illustrates a pixel circuit having first and second
capacitors regulated respectively by third and fourth transis-
tors, in accordance with an embodiment;

FIG. 31 illustrates a pixel circuit having a capacitor regu-
lated by a third transistor, in accordance with an embodiment;

FIG. 32 illustrates a pixel circuit a capacitor regulated by a
fourth transistor, in accordance with an embodiment; and

FIG. 33 illustrates an asymmetrical transistor, in accor-
dance with an embodiment.

DETAILED DESCRIPTION

FIG. 1 illustrates a threshold electrical stability compensa-
tion apparatus or circuit 50, in accordance with an embodi-
ment. In this embodiment, the electrical stability compensa-
tion apparatus 50 is shown in an array 70 in which common
programming signals and a common power supply may be
used among a plurality of electrical stability compensation
apparatuses 50. The array 70 may represent a pixel array in a
light-emitting display and the electrical stability compensa-
tion apparatus 50 may represent a pixel element. It will be
understood that the electrical stability compensation appara-
tus 50 may also be generalized to other applications where
compensation for electrical instability may be useful.

For example, the electrical stability compensation appara-
tus may be used with inorganic LEDs of a wide band gap
semiconductor material for ultraviolet (UV) light disinfec-
tants for water purification. In the UV water purification
example, the apparatus is intended to provide an optimal
brightness for efficient antibacterial water sanitation.

In a further example, the electrical stability compensation
apparatus may be used in a piezoelectric device such as a
membrane actuator for providing vibrational motion. In the
piezoelectric device, the apparatus is intended to provide
consistent amplitude generation of acoustic wave propagat-
ing devices such as micro-electro-mechanical systems
(MEMS).

In FIG. 1, the array 70 includes a load 60 (e.g., a light-
emitting device, such as an OLED). The apparatus 50
includes a drive device 52 (e.g., atransistor, such as a TFT) to
control a drive signal (e.g., drive current) from a power supply
62. The drive device 52 controls a characteristic (e.g., lumi-
nance) generated by the load 60. The apparatus 50 also
includes a switch 54, a first variable capacitor 56 (VC1), and
an optional second variable capacitor 58 (VC2). A gate of the
first variable capacitor 56 is connected to a gate of the drive
device 52. A gate of the second variable capacitor 58 is
connected to the gate of the drive device 52. It will be under-
stood that, for a color display, each pixel may comprise a few
sub-pixels generating different colors.

The variable capacitor 56, 58 is a component with at least
two terminals, including a gate and a source (as defined
herein) of the variable capacitor 56, 58. The variable capacitor
56, 58 has a threshold voltage (V,) and a gate-to-source
voltage (V). The V of the variable capacitor 56, 58 is a
voltage difference between the gate and source of the variable
capacitor 56, 58. Which terminal is the gate of the variable
capacitor 56, 58 and which terminal is the source of the
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variable capacitor 56, 58 is defined such that the definition of
the V_, of the variable capacitor 56, 58 is in accordance to the
following descriptions of the dependence of the capacitance
of the variable capacitor 56, 58 on the V_, of the variable
capacitor 56, 58. The capacitance of the variable capacitor 56,
58 may be dependent on the V. of the variable capacitor 56,
58. For example, the capacitance of the variable capacitor 56,
58whenV,, isinarange whose lower boundary is higher than
or equal to V, may be larger than the one when V  isin a
range whose upper boundary is lower than or equal to V..
WhenV,_ >V, the variable capacitor 56, 58 may be indicated
as ON. When V<V, a variable capacitor 56, 58 may be
indicated as OFF. A charge stored in the variable capacitor 56,
58 may vary with the change of the characteristics (e.g.
capacitance, V4, etc.) of the variable capacitor 56, 58.

The array 70 includes row scan driver 64 and column data
driver 66, which control the switch 54, and variable capacitors
56, 58. The electrical stability compensation apparatuses 50
in the same row may be controlled by the same row driver 64,
and the electrical stability compensation apparatuses 50 in the
same column may be controlled by the same column driver
66. There are a few ways to drive the array 70. For example,
electrical stability compensation apparatuses 50 may be pro-
grammed row-by-row: first, the electrical stability compen-
sation apparatuses 50 in a row are configured into a program-
ming phase by the corresponding row driver 64; then, they are
programmed respectively by the signals provided by the cor-
responding column drivers 66. After the programming of one
row of electrical stability compensation apparatuses 50 is
completed, the corresponding row driver 64 configures the
electrical stability compensation apparatuses 50 in the row
into a driving phase to let the electrical stability compensation
apparatuses 50 generate their respective drive signals (e.g.,
drive currents) to control the loads 60 to generate their respec-
tive characteristics (e.g., luminance) as programmed in the
programming phase. In the meantime, the electrical stability
compensation apparatuses 50 in the next row are configured
into the programming phase by the row driver 64 of the next
row, and same cycle repeats.

In the array 70, bus lines of the switch 54 and the first and
second variable capacitors 56, 58, respectively, can be shared
by electrical stability compensation apparatuses 50 in the
same row and connected to the row driver(s) 64. Bus lines of
the programming signals can be shared by the electrical sta-
bility compensation apparatuses 50 in the same columns and
connected to the column driver(s) 66. The power supply 62
and ground connections may be shared by all electrical sta-
bility compensation apparatuses 50 in the array 70.

FIG. 2 illustrates a threshold electrical stability compensa-
tion apparatus or circuit 100, in accordance with an embodi-
ment. In this example, the circuit 100 is a pixel circuit for use
with a display. The pixel circuit 100 includes a drive transistor
102 (T,), a switch transistor 104 (T, ), a first variable capacitor
106 (T,), a second, optional, variable capacitor 108 (T,), and
aload 110 such as a light emitter, for example, an OLED. The
transistors 102, 104 may be implemented by using different
types of transistors, for example, n-type or p-type thin-film
transistors (TFTs).

One of, or both of the variable capacitors 106, 108 may be
TFT-based metal-insulator-semiconductor (MIS) capacitors
constructed by connecting a source and a drain of n-type or
p-type TFTs, respectively. An n-type TFT with its source and
drain being connected together is an example of a variable
capacitor. Inthis case, the gate terminal of the variable capaci-
tor 106, 108 can be defined as the gate of the TFT; the source
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terminal of the variable capacitor 106, 108 can be defined as
the source of the TFT, which is connected to the drain of the
TFT.

As a particular example, when the gate-to-source voltage
of'the n-type TFT is higher enough than its threshold voltage,
the total capacitance of the n-type TFT is equal to the channel
capacitance plus the sum of the source and drain overlap
capacitances. When the gate-to-source voltage of the n-type
TFT is lower enough than its threshold voltage, the total
capacitance of the n-type TFT is equal to the sum of'its source
and drain overlap capacitances. When the gate-to-source volt-
age of the n-type TFT is higher than its threshold voltage, the
amount of the charge stored in the n-type TFT decreases with
the increase of its V.

The drive transistor 102 is configured to control the load
current 111 in a driving phase (15, .,™) from a power supply
112 (Vpp) to the load 110. The switch transistor 104 is
conﬁgured to control the access from an external program-
ming voltage driver 114 (V,,,,.), which may be included in a
column data driver (e.g., the column data driver 66 of FIG. 1),
to a node A 116 in the pixel circuit 100. The external pro-
gramming voltage driver 114 provides a programming signal
to the node A 116 via the switch transistor 104.

In the programming phase, the first variable capacitor 106
releases a charge, and the second variable capacitor 108 stores
a charge. In the driving phase, the first variable capacitor 106
is configured to generate the compensation voltage to com-
pensate for the AV ;. of the drive transistor 102 so as to stabi-
lize the drain-to-source current 111. The first variable capaci-
tor 106 provides compensation for the AV, of the drive
transistor 102 by drawing charge from node A 116. The
second variable capacitor 108 is configured to inject charge
onto node A 116 and the gate of the drive transistor 102 to
improve the load current (or drain-to-source current of the
drive transistor) 111.

The gate voltage stress applied on the drive transistor 102
results in the AV ;of the drive transistor 102. If the AV ,of the
drive transistor 102 is not compensated, it causes the change
of the drain-to-source current 111.

Since the gate of the first variable capacitor 106 and the
gate of drive transistor 102 are stressed by the same voltage
(i.e., the voltage on node A 116), the AV ;. of the first variable
capacitor 106 tracks the AV, of the drive transistor 102. The
AV ,ofthe first variable capacitor 106 results in the change of
the charge drawn by the first variable capacitor 106 from the
gate of the drive transistor 102 in the driving phase, and
therefore results in the change of the gate voltage of the drive
transistor 102 with the AV ;- of the drive transistor 102. Since
the AV ;. of the first variable capacitor 106 tracks the AV . of
the drive transistor 102, in the driving phase, the change of the
gate voltage of the drive transistor 102 compensates the AV .
of the drive transistor 102. AV ;. of the drive transistor 102 is
compensated such that the drain-to-source current 111 does
not change with the AV, of the drive transistor 102. The
stability of the drain-to-source current 111 in the driving
phase is improved by using the first variable capacitor 106 to
generate the compensation voltage so as to compensate for
threshold voltage shift of drive transistor 102.

Optionally, the second variable capacitor 108 may be pro-
vided to inject charge onto the gate of the drive transistor 102
to improve the drain-to-source current 111. The second vari-
able capacitor 108 may be needed to improve the drain-to-
source current 111 to the levels that may be desirable in some
practical designs.

Where the second variable capacitor 108 is not provided,
the pixel circuit 100 can generally compensate the AV .of the
drive transistor 102. However, in this case, the drain-to-
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source current 111 may be relatively lower, which may be a
drawback if higher current levels are desired. On the other
hand, because the footprint needed for the second variable
capacitor 108 is saved, it may be possible to enlarge the area
of the light-emitting device and the aperture ratio of display
can be improved, which may be an advantage if higher aper-
ture ratio is desired.

FIGS. 3 and 4 illustrate a driving scheme 200 and a method
201, respectively, for electrical stability compensation in
accordance with an embodiment herein. The driving scheme
200 and method 201 illustrated each include one frame cycle
and each frame cycle may include a programming phase 202
and a driving phase 204. The driving phase 204 is typically
much longer in duration than the programming phase 202. It
will be understood that the driving scheme 200 and method
201 may also have other phases, for example, an idle phase
and/or an intermediate phase.

When the programming phase 202 begins, the switch tran-
sistor 104 is turned on, at 206, by a voltage V,Z, connecting
node A 116 to the programming voltage driver 114. The first
variable capacitor 106 is turned OFF, at 208, by a voltage V%
such that a charge is released from the first variable capacitor
106. The second variable capacitor 108 is turned ON, at 210,
by a voltage V,” and thus stores a charge on its gate.

A gate charge of a transistor may be divided into a gate
charge due to the gate-to-channel capacitance (Q,,) and a
total gate charge due to the overlap capacitance between gate
and source/drain (Q,,). After voltages and/or currents reach
the program set-points, at 212, the drive transistor 102 is in the
saturation mode, the first variable capacitor 106 is OFF, the
switch transistor 104 is in the triode mode, and the second
variable capacitor 108 is ON. The gate-to-channel capaci-
tance of the drive transistor 102 can be expressed as Equation
1 where C, is the channel capacitance per unit area, W, L,
and V, are the width, length, and threshold voltage of the
drive transistor 102, V; -57"* is the set-point load voltage
(for example, OLED voltage), and V ,,, is the data voltage
provided by V.. For the same expected Loren™™ Vi 18
provided with the same corresponding value, not changing
with V. The coeflicient %5 is used in Equation 1, as a typical
assumed theoretical value, because the drive transistor 102 is
biased in saturation mode. The actual value of the coefficient
may depend on the specific process technology and properties
of the transistor.

Oon o™ E=BCWoLo(Vaata=Vorer:

In the programming phase 202, the first Variable capacitor
106 is OFF, so its Q_, is zero. V7, V.7 V.2V, and V,,,
do not change with AV .. AV, and AV, are negligible
when comparedto AV ., (see Equatlon 19and 20 below). The
AV orppr 8 caused by AV, is negligible (see Equation 17
below). Therefore, in the programming phase 202, the Q_,, of
the switch transistor 104 and the second variable capacitor
108 (ie.,Q, 7 andQ,, #°%)as wellastheQ,, of all TFTs
102, 104, 106, 108 do not change with AV 1, so they are not
1ncluded in the analysis of the changes of the charge compo-
nents with AV,

Inthe driving phase 204, the switch transistor 104 is turned
off, at 214, by voltage V%, isolating the node A 116 from the
programming voltage driver 114. The first variable capacitor
106 is turned ON, at 216, by voltage V%, providing AV -
compensation. The second variable capacitor 108 is turned
OFF, at 218, by voltage V,, injecting a charge to node A 116
to boost the gate voltage of the drive transistor 102 so as to
improve the load drive current 111. To conserve the charge on
node A 116, the switch transistor 104 is turned OFF before
switching V, and V.

"E-Vr.0) Eq.1
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While the switch transistor 104 is being turned off, a part of
the switch transistor’s channel electrons are injected to node
A116: Q7 4, ~—BQ.77%. Bisclose to Y2if V, has a high
falling rate. Slnce Q.17 does not change Wlth AV 1,
Q™ 4, is not included in the analysis of the changes of the
charge components with AV .. After node voltages settle
down, at 220, the drive transistor 102 is in the saturation
mode, the first variable capacitor 106 is ON, and the switch
transistor 104 and the second variable capacitor 108 are OFF.
The Q_, values of the drive transistor 102 and the first variable
capacitor 106 can be expressed as by Equations 2 and 3 where
Vg, 0¥ is the set-point voltage on node A 116, and V ,; o™
is the set- -point voltage across the load 110 (for example, an
OLED). Since the switch transistor 104 and the second vari-
able capacitor 108 are OFF, their Q_, values are zero.

Q X Odrw 2/3C WOLO(VG 0 Fiv_ VOLEDdriV_ VT,O)

Qchgdm =CWoLo( VG,odriV— VzL— VT,2) >

The Q,,, values of the transistors 102, 104, 106, 108 are
given by Equations 4 to 7 where C,, is the unit-area source/
drain overlap capacitance, L, is the overlap length between
the gate and source/drain, and Q,,,_. ¥ is the gate charge of
the switch transistor 104 due to the overlap capacitance on the
side of node A 116.

Eq.2,3

Qov,odm"'cov Wol o2 VG,odm‘ Voren™=Vop),

QWAA 1dm7 Co WL, ( VG,odm‘ VrL)a

0y T 2C WL (V6™ =V,

Q 3drw,

Where the pixel circuit 100 is switched from the program-
ming phase 202 to the driving phase 204, Equation 8 can be
derived based on the charge conservation on node A 116.
Qov,Totd”” can be expressed as Equation 9. Although other
charge components may also contribute to the charge conser-
vation on node A 116, they may not vary with AV, and thus
are not included in Equation 8.

W3LOV(VG,odriV— VsH)a Eq.4,5,6,7

doGy _dody, dogh Aoy, Eq. 8
dVroy ~ dVrg 3 Vro dVry °
QngVTO, = QI - QI L+ O+ OO Eq. 9

The current I, of the drive transistor 102 when it operates
in saturation mode can be expressed by Equation 10 where
Agups W, ¥, and 'V, are device parameters.

W (Vos = Vp)*? Eq. 10

saTfnCi I VT,

Therefore, when V , shifts, the condition required to sta-
bilize 15, ;™" can be expressed as Equation 11.

AV 0™ /dV =1 Eq. 11

Since V5 =Vorzpand dV, EDd’i”/dVT,OZO (see Equation
18, below), Equation 11 is equivalent to Equation 12.

AV AV =1 Eq. 12

When AV, is fully compensated by AVGS’Od””:AVT,O,
the channel charge of the drive transistor 102 in the driving
phase 204 does not change with AV ., which is described by
Equation 13.

AV 1 g=0

AQ 0 Eq. 13
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10
Substituting Equation 13 into Equation 8 yields Equation
14.

dQLTs  dgh, Ao, Eq. 14
dVTyo - dVT,O dVT,O

Substituting Equations 1-7, and 9 into Equation 14 and
then using the relevant formulas presented below yields
Equation 15, which gives the parameters that specify the

width of the first variable capacitor 106, where
COV Vl:C I OV (n 0 l 2 3)
2/3CWoLy +2Cpy 0 + Coy, 1 +2Coy 3 Eq. 15

W, =

1/2CiLy = 2Coy Loy

The AV 1 ,-compensation can be achieved by sizing the first
variable capacitor 106 as specified in Equation 15. For the
variable capacitors 106, 108 fabricated by using different
process technologies or facilities, and/or designed to have
different properties (for example, different geometries, struc-
tures, shapes, features, etc.), the coefficient values (e.g. %5)
may be adjusted according to the procedure as outlined
above. The coefficient values (e.g., %5, 1, 2, etc.) used in the
above procedures may be process/technology-dependent
and/or design-dependent. Although the coefficient value may
be adjusted in a specific design, the procedures as outlined
above may still be valid for circuit analysis and design.

AV ;. o-compensation mechanism is explained by analyzing
Bquation 8, where V ., shifts but the change in V, is com-
pensated. Q, " reduces when V, increases (i.e., the
increase of V, results in less channel charge stored in the
drive transistor 102 in the programming phase 202).

To compensate for AV, AV o™ should be as large as
AV ;. Since Q,,, 7Y increases with Vg, o7, more charge
may be needed to be provided to the gate-to-source/drain
overlap capacitors which belong to transistors 102, 104, 106,
108 and connect to the node A, otherwise Vg, o™ may not be
able to 1ncrease Wlth V- Since V., increases faster than
Vs, ik Qch 5 " decreases when V1, increases.

Designing W, as specified in Equation 15 validates Equa-
tion 14. This means that, when V., increases, the decrease of
Q. ,%™ is so large that it not only cancels out the decrease of
Qch F7°€ but also provides the extra charge needed by the
increase of Q,,, Totd”” As aresult, Q, o 4 does not change
with V., so AVGSO v is as large as AVTO Since AV, is
fully compensated by AVGSO ¥, it does not affect I, ED"’””

To demonstrate the effectlveness of the pixel circuit 100,
circuit simulations were carried out on the pixel circuit 100,
which was driven by the drive scheme 200 and method 201.
Simulations were carried out using a Cadence Spectre circuit
simulator and a-Si:H TFT model where p,~0.3 cm A
V=3V, C~=19 nF/cm? and C,, =16 nF/cm?, and the
OLED model fitted to the measured data of OLED I -V char-
acteristics. L, s the transistor effective mobility, and Vs
the V .for a fresh transistor before being electrically stressed.

TABLE I
Parameter Value Parameter Value
Programming Phase (us) 120 Ve (V) 10~25
Wo/Lg (um) 100/25 Voo 30
W /L (um) 50/25 Vi (V) 0~30
W/L (um) 60/100 V5, (V) 2~30
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TABLE I-continued
Parameter Value Parameter Value
W /Ly (um) 35100 Vi(V) 2~30
Loy (pm) 5 Lozep™™ (WA) 0~3

The parameter values of the simulated pixel circuit 100 are
listed in Table 1. The parameter values listed are exemplary
values used in the simulation. It will be understood that other
parameter values may be used. The minimum channel length
was selected as 25 um. Values as small as 0.5 pm to 1 mm may
be used as minimum channel length. The minimum channel
length of the transistors 102, 104, 106, 108 may be selected as
needed in a specific design. Based on the simulation results,
W,=60 pm was determined as a preferred value for AV -
compensation in the simulated example of the pixel circuit
100. Values for W, may range from 0.5 pm to 1 mm. Transis-
tors 102, 104 and/or variable capacitors 106, 108 may be
scaled up or down to any desirable level, and the scaling may
not affect AV, -compensation. Where the transistors 102,
104 and/or the variable capacitors 106, 108 are scaled down,
their footprint may be reduced, such that the performance of
the pixel/display may be improved, for example improved
response speed, refresh rate, resolution, power consumption,
display panel size, aperture ratio etc.

To verify the AV ,-compensation, AV, was varied in
simulations, and AV ., was set as AV, ,=3/2AV ;.. The deg-
radations of the switch transistor 104, the second variable
capacitor 108 and load 110 were neglected.

FIGS. 5 and 6 are graphs 500, 600, respectively, of simu-
lation results of the pixel circuit 100 showing charge compo-
nents 502, 602 versus AV, 504, 604 (in Equation 8) for
V 4ara=25V and 10V, respectlvely When AV, 504 increases,
AQ,, 2"’”” is so large that it equals AQ_, 7**-Q,,, 2™, 50

o, o™ does not change with AVT0504 FIG. 6 illustrates,
for V., ~10V, that AV, 604 is not always fully compen-
sated. For AV ;,>2.25V, Q_, o™ starts to drop, indicating
AV, Od””<AVT o- This is referred to as the under-compensa-
tion of AV, 604.

FIG. 7 is a graph 700 showing AV . o702 versus V
704 for different AV, 706 of the simulated pixel circuit 100.
FIG. 8 is a graph 800 of simulation results of the pixel circuit
100 showing I, ., 802 versus V ,,, 804 for different AV ;.
806. FIG. 7 illustrates that for relatively high V,,, 704
AV, Od””fAVTO 706, so AV ., 806 does not affect I, driv
as illustrated in FIG. 8.

FIG.91s a graph 900 of simulation results of a conventional
voltage programmed 2-transistor pixel circuit showing
Lorsn™ 902 versus V ;. 904 for different AV, 906. FIG. 9
illustrates that since there was no AV ,-compensation,
Loren™v902 dropped significantly with the increase of AV 1,
906. The comparison between FIG. 8 and FIG. 9 shows the
effectiveness of the pixel circuit 100 in AV, ,-compensation
as compared to a simulated conventional voltage-pro-
grammed 2-transistor pixel circuit.

FIG.10is a graph 1000 of simulation results of the detail of
FIG. 8 showing I, . ,“"* 1002 versus V ,,,, 1004 for different
AV, 1006. For lower V., 1004 and I, """ 1002, the
under-compensation of AV;, 1006 appears at lower
AV 1006, as shown in FIGS. 6, 7, 8, and 10. This can be
explalned based on Equation 22, which indicates that V.,
increases with V. For a smaller V iaeas Vs, ST also
smaller, so the AV -, at which V., increases up to V . L™ is
smaller. Once Vg, catches up with Vg S, Qu, ik
becomes zero and thus stops decreasing with ‘the increase of
AV 1, 50 Qch,od’i” starts to drop with the increase of AV,
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(see, e.g., FIG. 6). This indicates that V 5 2‘7‘7””<AVT0 (ie.,
AV, is under-compensated (see, e.g., FIG. 7)). So I, ED"’””
starts to drop with the increase of AV 1, (see, e.g., F1G. 10). If
AV, isnottoo large, the under-compensatlon of AV, exists
only at the lowest Iy, ., levels (see, e.g. FIGS. 7 and 8), so
it does not affect the overall stability of 1, .,**

While dV 7 ,/dV .,=3/2 was assumed, this approximation
may have a discrepancy up to 10%. Discrepancy factor (F )
is the factor defined to describe the discrepancy of the actual
value of dV;,,/dV, away from 3/2, which is the assumed
theoretical value of dV;,/dV,,. F, is defined so that
dV,/dV ;,=(3/2)F ;,, where F ,_ is within a range from 0.9
to 1.1. Correspondingly, Equation 15 becomes Equation 16.

2/3CWolLo +2C, 0+ Cov1 +2C0 3
(3/2F4s = 1)Cily —2CoyLyy

Eq. 16

=

FIG. 11 is a graph 1100 of simulation results of the pixel
circuit 100 showing normalized simulation results of
Tozep™™ 1102 versus AV, 1104 for V ;. =25V. FIG. 11
illustrates the impact of the variation in F, 1106 on the
stability of 1, .,“" 1102 for a W, value designed by assum-
ing F ais~ =1. For F;,>1, AV, 1104 is over-compensated, so
Lo sn™ 1102 increases with AV, 1104. For F <1, the
opposite trend exists. For F €(0.9, 1.1), the instability of
Lo, sn™ 1102 is within 8%. In design practice, the value of
F ., 1106 may be extracted from measurement results and
then used in Equation 16 to achieve a more accurate AV .-
compensation.

If the second variable capacitor 108 is not used, since the
first variable capacitor 106 draws charge from node A 116
after the driving phase 204 begms V. o may be lower than
what is needed by the 1, .,"" levels desired in practical
designs. Therefore, the second variable capacitor 108 may be
used to improve IOLEDd”” levels. In the programming phase
202, the second variable capacitor 108 is turned ON at 210 by
V% and stores charge on its gate. In the driving phase 204, V,
is switched to V,7, at 218, to inject the charge from the gate
of the second variable capacitor 108 onto node A 116,
1mpr0V1ngV v and therefore IOL =™ The improvement
Iorep™ can be adjusted by varying the size of the second
variable capacitor 108.

Q5,577 is the gate charge associated to the channel of the
second variable capacitor 108. It is stored on the gate of the
second variable capacitor 108 in the programming phase 202
and inj ected onto node A 116 in the driving phase 204. Since
V% is a fixed value shared by all pixels in the same row,
Q,,577°¢ is determined by the specific V,,,, for the pixel.
Q,577°% does not change with AV ., so it does not affect
AVT,O-compensatlon The impact of the usage of the second
variable capacitor 108 on AV, ,-compensation is due to C,, 5.
However, this impact is minor because C,, ; is a parasitic
component. Assuming C, =C,, using the geometries in Table
I, one can see that C,,, 5 is 3.55% of the total capacitance on
node A 116 in the driving phase 204.

FIG. 12 is a graph 1200 of simulation results of the pixel
circuit 100 showing I, ., 1202 versus V ,,, 1204 for
different W;. FIG. 12 illustrates simulation results which
confirm that increasing the size of the second variable capaci-
tor 108 improves I, .,“" 1202 without significantly affect-
ing AV 1,-compensation.

FIG. 13 is a graph 1300 illustrating simulation results of the
pixel circuit 100 showing V ; ,(t) 1302 versus time 1304, for
AV ;,=0V and different initial values of V ; o(t) in a program-
ming phase 202. FIG. 13 illustrates the simulation results of
Vo) in the programming phase 202 to demonstrate the
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programming speed of the pixel circuit 100. The waveforms
of V; o(t) are dependent on the initial value of V ; (1) in the
programming phase 202, which is in turn the value of V(1)
after it reaching the set-point in the last driving phase 204
(denoted as V; ,”*%). According to the simulation results
shown in FIG. 15 for AV, =0V, Vg, o™ ranges from 6V to
18V, so the Waveforms of Vg O(t) were simulated for
Veo drivlast_6\ and 18V, respectlvely FIG. 13 shows that

Go(t) settled down within 99% of V,,,, in 90 ps. For the
other corner AV =5V, simulations verified the same conclu-
sion. If the sizes of the devices (e.g., transistors, variable
capacitors, or light-emitting device) are scaled down, the
programming speed may increase.

Assuming the drive transistor 102 and load 110 (for
example, OLED) have the typical sizes and the same stress
conditions, referring to their degradation models and data,
one can see that AV ,; -, is much smaller than AV 7,. Due to
the steep OLED I-V characteristic, the AV ,; 57" caused by
AV 1, is negligible as shown in Equation 17.

AV o 5PV =0 Eq. 17

FIG. 14 is a graph 1400 of simulation results of the pixel
circuit 100 showing the following curves for V5 j#°¥=16.7V:
(1) the curve ofload current 1402 versus load Voltage 1404 in
the programming phase; and (2) the two curves of the drain-
to-source current 1402 of the drive transistor (i.e., I ,) ver-
sus the source Voltage 1404 of the drive transistor (i.e., V)
in the programming phase for AV;,=0V and AV, =5V,
respectively. Vo, pn”™  (lopps”™®) and VOLEDP o8’
(IOLEDP 72"} are the load voltages (currents) in the program-
ming phase 202 for AVT =0V and 5V, respectively, and
AV 615575 =(V o155 =V or 27 ™%). For AV =5V, FIG.
14 shows that IAVOLEDPVOgI =0.292V, which is only 5.84% of
AV 1, so Equation 17 is reasonable.

In the driving phase 204, assuming AVTO is already fully
compensated, for the same V yasas Llorep @ does not change
with AV 7, 50V =™ does not change with V1 as shown
in Equation 18.

dVorep™™/dV 14=0. Eq. 18

For apractical display with N rows of pixels, the total stress
time spent in the programming phases 202 is only 1/N of that
spent in the driving phases 204. For a practical refresh rate
(for example 60 Hz) the effects of negative pulse gate-to-
channel stress voltages on AV are much smaller than those of
positive pulse gate stress voltages. This implies that only the
AV ;. of the transistors 102, 104 and variable capacitors 106,
108 stressed by positive gate-to-channel voltages in the driv-
ing phase 204 need to be considered. Therefore, AV, and
AV ;5 can be considered as negligible when compared to
AV, and AV, as shown in Equations 19 and 20.

AV AV 0.

AV 73/dVro=0.

Since the gates of the drive transistor 102 and the first
variable capacitor 106 are connected, their gate voltages are
the same. Their source voltages in the driving phase 204 can
be made approximately the same. V,* is a fixed value pro-
vided by the row driver. V%" is not fixed because it
dependsonV ,,,,. However, due to the steep OLED I-V curve,
the variation range of V,, .,;*** is much narrower than that of
Vo™ is selected as a value close to V™", since
VGS odHV7(V ™) and VGS,zdnv:(VG,odnv_
Vv, ) Equatlon 21 can be derived.

Eq. 19, 20

dri v_VOLED

VGs,odriV*" VGsyzdriv. Eq. 21
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FIG. 15 is a graph 1500 of simulation results of the pixel
circuit 100 showing V oI and Vo7 1502 versus V
1504. FIG. 15 justifies Equatlon 21 by simulated results. V,~
is selected as 2V to make it lower than but still close to the
range of V o7 ™. This is to provide that V5,72V 5
to make V., shift faster than V -, in the pixel circuit 100.

FIG. 16 is a graph 1600 of simulation results of the pixel
circuit 100 showing Vs, ””/VGS o™ 1602 versus V,,,,
1604.FIG. 16 shows thatVGS o ””/V 271602 is around or
lower than 1.1, so Equation 21 is Justlﬁed.

AV, and AVT,2 depend on the respective electrical stress
history ofthe drive transistor 102 and the first variable capaci-
tor 106. The transistor degradations caused by V ;5 "% and
VGS,zd”” can be neglected because of the short duratlon ofthe
programming phase 202. In the driving phase 204, the drive
transistor 102 is stressed in saturation mode, but the first
variable capacitor 106 which is implemented, for example, as
a TFT with the source and drain connected together, is
stressed in triode mode. Since Vg5 ,“"*=V 55,”" Equation
22 is given.

AV o/ AV Eq. 22

Substituting Equation 21 and 22 into Equation 11 yields
Equation 23.

AV 52 /AV =75 Eq. 23

FIG. 17 illustrates an optical micrograph 1700 of a fabri-
cated pixel circuit having the design of the pixel circuit 100,
to verify AV ;,-compensation. In stress tests, V,,,=20V and
V 1ua—15V were used. The low and high levels of the voltage
signals V,, V,, V; were zero and 20V, respectively. Since the
primary test purpose was to verify AV ,-compensation, the
OLED mimic (i.e., the diode-connected transistor) was
excluded by setting Vs as open-circuit. I o™ was mea-
sured from pad Vg 0: whose level was kept at Virtual ground.
The measured I, o before the stress test was 1.05 [LA.

FIG. 18 is a graph 1800 of measurement results showing
normalized | DS’O‘M” 1802 versus stress time 1804 for the pixel
circuit 100. For comparison, a stress test was carried out on
another sample of the same pixel circuit design whose
AV ;,-compensation was disabled by fixing V, and V; at 20V.
Therefore, the sample acted like a conventional voltage pro-
grammed 2-transistor pixel circuit. To make the circuit also
have the initial I DS’Od’i”:l 05 A, its V,,,, was set to 15.5V.
The environment temperature of the stress tests was 40° C.
FIG. 18 illustrates that the overall stability of'the DS,Od”'” with
AV ,-compensation 1806 is improved over the one of the
circuit without AV, -compensation 1808. Note that even
with AV, -compensation 1806, I, o™ still has some
residual instability. It could be caused by some second-order
effects, including non-zero AV, and AV, and/or minor
variations of (AV ;,/AV 1. ,) throughout the test.

FIG. 19 is a graph 1900 of measurement results of the
capacitance 1902 versus voltage 1904 (C-V) characteristics
of the transistors 102, 104, and the variable capacitors 106,
108 stressed with AV, ;-compensation, before and after the
240-hour stress test. The upper graph 1906 is for the C-V
curves of the drive transistor 102 and the first variable capaci-
tor 106. The lower graph 1908 is for the C-V curves of the
switch transistor 104 and the second variable capacitor 108.
The assumptions about the AV . of transistors used in analysis
were verified by the measurement results. As shown in FIG.
19, after a 240 h-stress test, AV, ;=2.15V and AV, ;=3.15V,
which illustrates that the ratio is close to the assumed 5. As
AV, and AV 5 are much smaller than AV ., and AV 5, it
may be acceptable to neglect AV, and AV ; in a first-order
analysis.
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FIG. 20 is a graph 2000 showing a measured transfer
curves of the drive transistor 102 (i.e., 155, 2002 versus V 54
2004) in the circuit 100 stressed with AV ;. -compensation,
before and after the 240-hour stress test. The extracted
AV ;,~2 V is close to the result from capacitance versus
voltage (C-V) measurement. AV ;. results in significant I 5 o
drops if AV, ,-compensation is not used.

FIG. 21 is a graph 2100 showing a measured IDS’O‘M” 2102
versus V., 2104 of the pixel circuit 100 stressed with
AV ;,-compensation, before and after the 240-hour stress
test. FIG. 21 shows that, when AV ;,,-compensation is used,
except for the lowest 1,5, levels, the 1,5, differences
caused by AV, are insignificant. There is under-compensa-
tion on the lowest IDS,Od”” levels zero to 0.15 pA).

FIG. 22 is a graph 2200 of measurement results of V, 2202,
V,2204,V, 2206,V 2208 (switching from high level to
low level (i.e., H—=L), and low level to high level (i.e., L—=H),
respectively), and transient behavior of 1, ;, 2210 in the pixel
circuit 100 before and after applying a 240-hour stress test. As
shown in FIG. 22, the programming speeds of the pixel
sample with AV, -compensation were measured before
2212 and after 2214 the 240 h-stress test, for V., going from
S5Vto 15V (V. L—=H) and from 15V to 5V (V.. H=L).
In all cases, 155, 2210 in the programming phase 202 settled
down within 95% of the final value in 250 us.

The AV, of the drive transistor 102 due to electrical stress
is compensated by the change of gate-to-source voltage
(AV,,) of the drive transistor 102 generated by the AV,
dependent charge transfer from the drive transistor 102 to the
first variable capacitor 106. The charge injection from the
second variable capacitor 108 to the gate of the drive transis-
tor 102 in driving phase 204 improves the load drive currents
111. Advantages include that only one transistor is in series
with the load 110, reducing static power consumption. The
driving scheme 200 allows fast programming speed, simple
control signals, and simple external driver. Since the pixel
itself compensates the AV of the drive transistor 102, there is
no need for the compensation from an external driver, reduc-
ing the design complexity. There may also be no need for
optical feedback, avoiding problems with photo-sensor insta-
bility and light interference. As each pixel has its own AV ;-
compensation, higher resolution compensation may be
achieved.

The structure of the pixel circuit 100 could be less complex
compared to other compensation circuits and utilizes current
manufacturing techniques. The driving scheme 200 of the
pixel circuit 100 is also generally simplified compared to
similar circuits intended for similar purposes.

The pixel circuit 100 is intended to compensate for elec-
trical instability of the drive transistor 102 with fast program-
ming speed, simple control signals, simple circuit structure,
and low static power consumption, which are desirable for
commercialization of various systems, such as AMOLED
technology. The pixel circuit 100 may provide more uniform
display brightness over large screens (e.g., AMOLED Tele-
vision) and longer operational lifetimes for displays while
using lower power consumption and potentially lower cost
driver electronics. The pixel circuit 100 may be used in
devices such as televisions, computer monitors, mobile-
phone displays, near-eye displays, cameras, personal media
players, medical displays, flexible displays, transparent dis-
plays, etc.

The pixel circuit 100 may reduce the cost of AMOLED
display products while also increasing the pixel lifetime of
AMOLED displays by providing compensation with faster
programming speed. It may also be possible to use mature
low-cost fabrication technology (e.g. amorphous silicon

10

15

20

25

30

35

40

45

50

55

60

65

16

TFT) to produce large-size AMOLED display panels using
this technology. The cost impact is intended to be negligible
as integration of the pixel circuit 100 may not affect manu-
facturing or assembly costs.

The circuit 50 or 100 may be useful for any circuit in which
a change of the gate voltage of a transistor is needed to
compensate for instability/degradation/variation of the tran-
sistor.

FIG. 23 illustrates a circuit 2300, in accordance with a
further embodiment. The circuit 2300 differs from the circuit
100 of FIG. 2 in that a load 2310 (e.g. an OLED) is placed
between a power supply (V) 2312 and the drive transistor
(T,) 2302. The driving scheme of the circuit 2300 is as
described with reference to FIGS. 3 and 4. With the circuit
2300, the OLED instability does not affect the operation of
the drive transistor 2302 so the stability of a load driving
current 2311 may be improved.

FIGS. 24 and 25 illustrate a circuit 2400 and a driving
scheme 2500, in accordance with another embodiment. The
circuit 2400 has a switch transistor (T,) 2404 and a first
variable capacitor (T,) 2406 sharing a common control signal
V> The circuit 2400 saves one bus line in the row direction,
so the aperture ratio of a display panel may be improved and
the design of row/scan driver may be further simplified.

FIGS. 26 and 27 illustrate a circuit 2600 and a driving
scheme 2700, in accordance with yet another embodiment.
The circuit 2600 has a drive transistor (T,) 2602 and a second
variable capacitor (T;) 2608 sharing a common control signal
Vpp2611. The circuit 2600 saves one bus line for each row of
pixels, so the aperture ratio of a display panel may be
improved.

FIGS. 28 and 29 illustrate an array 2800 and a driving
scheme 2900, in accordance with another embodiment. The
array 2800 has every two neighboring rows of pixels 2818,
2820 sharing V, 2822 and V; 2824. The circuit 2800 saves
two bus lines for every two rows of pixels 2818, 2820, so the
aperture ratio of a display panel may be improved.

FIG. 30 illustrates a circuit 3000, in accordance with
another embodiment. The circuit 3000 includes a first capaci-
tor 3026 (C,) and a second capacitor 3028 (C,) which are
respectively regulated by third and fourth transistors 3006,
3008. The first and second capacitors 3026, 3028 may be
non-variable capacitors, metal-insulator-metal capacitors,
MIS capacitors, or other types of capacitors. The driving
scheme of the circuit 3000 is as described with reference to
FIGS. 3 and 4.

The first variable capacitor 56 in the electrical stability
compensation apparatus 50 may be implemented as a com-
bination of the first capacitor 3026 and the third transistor
3006. In the combination of the first capacitor 3026 and the
third transistor 3006, a first terminal of the first capacitor 3026
is connected to a source of the third transistor 3006. The
source of the third transistor 3006 is connected to node B
3312 in circuit 3000. A second terminal of the first capacitor
3026 is connected to a gate of the third transistor 3006. The
gate of the third transistor 3006 is connected to node A 3016
in circuit 3000. The gate of the first variable capacitor 56 in
the electrical stability compensation apparatus 50 may be
implemented as the gate of the third transistor 3006. The
source of the first variable capacitor 56 in the electrical sta-
bility compensation apparatus 50 may be implemented as the
drain of'the third transistor 3006, which is connected to V, in
circuit 3000.

The second variable capacitor 58 in the electrical stability
compensation apparatus 50 may be implemented as a com-
bination ofthe second capacitor 3028 and the fourth transistor
3008. In the combination of'the second capacitor 3028 and the
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fourth transistor 3008, a first terminal of the second capacitor
3028 is connected to a source of the fourth transistor 3008.
The source of the fourth transistor 3008 is connected to node
C 3314 in circuit 3000. A second terminal of the second
capacitor 3028 is connected to a gate of the fourth transistor
3008. The gate of the fourth transistor 3008 is connected to
node A 3016 in circuit 3000. The gate of the second variable
capacitor 58 in the electrical stability compensation apparatus
50 may be implemented as the gate of the fourth transistor
3008. The source of the second variable capacitor 58 in the
electrical stability compensation apparatus 50 may be imple-
mented as the drain of the fourth transistor 3008, which is
connected to V; in circuit 3000.

As the first capacitor 3026 is used, the channel area of the
third transistor 3006 may be much smaller without affecting
the AV, compensation capability. The channel length of the
third transistor 3006 may be much shorter than the length of
the first variable capacitor 106 of the circuit 100. Since the
channel length ofthe third transistor 3006 may be shorter, the
response speed of the first variable capacitor 56 in the elec-
trical stability compensation apparatus 50 implemented as the
combination of the first capacitor 3026 and the third transistor
3006 may be faster than that of the first variable capacitor 56
in the electrical stability compensation apparatus 50 imple-
mented as the first variable capacitor 106, so the program-
ming speed of the circuit 3000 may be faster than that of
circuit 100. Between a node A 3016 and V,, the third transis-
tor 3006 of the circuit 3000 has only one overlap capacitor
(therefore, smaller overlap capacitance) when compared with
the first variable capacitor 106 of the circuit 100, which has
two overlap capacitors (therefore, larger overlap capaci-
tance). The impact of the overlap capacitance of the third
transistor 3006 in the circuit 3000 may have less impact on the
AV ;,-compensation than the impact on AV 1. ,-compensation
from the overlap capacitance of the first variable capacitor
106 in the circuit 100. Similarly, the above analysis applies to
the second variable capacitor 58 in the electrical stability
compensation apparatus 50 implemented as the combination
of'the second capacitor 3028 and the fourth transistor 3008 of
the circuit 3000.

A benefit of using the combination of the second capacitor
3028 and the fourth transistor 3008 may be to avoid the
V -shift of the fourth transistor 3008 (AV ;). In the circuit
100, the second variable capacitor 108 is stressed by
VGS,;"’”'”;*:VT,3 in the driving phase, resulting in AV ;.
Although AV, is much less significant than AV, it may
have some minor impact on AV ;,,-compensation. However,
in the circuit 3000, the fourth transistor 3008 is stressed by
Vigss” ™ =AV 3, 50 AV, is avoided.

FIG. 31 illustrates a circuit 3100, in accordance with yet
another embodiment. The circuit 3100 includes a first capaci-
tor 3126, a third transistor 3106, and a variable capacitor 3108
(T5). As described with reference to FIG. 30, the circuit 3100
is intended to have similar advantages from the first variable
capacitor 56 in the electrical stability compensation apparatus
50 implemented as the combination of the first capacitor 3026
and the third transistor 3006 transistor.

FIG. 32 illustrates a circuit 3200, in accordance with still
yet another embodiment. The circuit 3200 includes a first
capacitor 3228, a fourth transistor 3208, and a variable
capacitor 3206 (T,). As described with reference to FIG. 30,
the circuit 3200 is intended to have similar advantages from
the second variable capacitor 58 in the electrical stability
compensation apparatus 50 implemented as the combination
of the second capacitor 3028 and the fourth transistor 3008.

FIG. 33 illustrates an asymmetrical transistor 3300 with an
asymmetrical drain and source structure when used in the
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above embodiments. The transistor 3300, such as a TFT, may
further reduce transistor overlap capacitances associated to
node A so as to decrease the impact of the overlap capaci-
tances on the AV, -compensation. At a drain side 3302, a
shorter channel width 3304 (i.e., the shorter perimeter of the
circular electrode of the drain terminal) leads to smaller over-
lap capacitance associated to drain terminal 3302. At a source
side 3306, a longer channel width 3308 (i.e., the longer perim-
eter of the circular electrode of the source terminal) provides
the asymmetrical transistor 3300 with enough current driving
capability to meet its design needs. Note that the asymmetri-
cal transistor 3300 can also be implemented with other shapes
such as square, rectangle, hexagonal, octagonal, etc. as is
known in the art. The asymmetrical transistor 3300 may be
used as the switch transistor (T,) 104 of FIG. 2 to reduce the
overlap capacitance of the switch transistor 104 associated to
node A 116, with the drain terminal 3302 connected to node
A 116, the source terminal 3306 connected to the bus line of
V,,0g 114, and a gate terminal 3310 connected to the bus line
of V,.

The asymmetrical transistor 3300 may also be used as the
third and/or fourth transistors 3006, 3008, 3106, 3208 of the
circuits 3000, 3100, 3200. Where the asymmetrical transistor
3300 is used as the third and/or fourth transistors 3006, 3008,
3106, 3208, the source terminal 3306 is connected to node B
3312 (or node C 3314), the drain terminal 3302 is connected
to V, (or V;), and the gate terminal is connected to node A
3016.

It will be understood that various other embodiments will
be apparent to one of skill in the art after review of the
example embodiments described with reference to FIGS.
23-33.

In the preceding description, for purposes of explanation,
numerous details are set forth in order to provide a thorough
understanding of the embodiments. However, it will be appar-
ent to one skilled in the art that these specific details may not
be required. In other instances, well-known electrical struc-
tures and circuits may be shown in block diagram form in
order not to obscure the understanding. For example, specific
details are not provided as to whether the embodiments
described herein are implemented as a software routine, hard-
ware circuit, firmware, or a combination thereof.

Embodiments of the disclosure can be represented as a
computer program product stored in a machine-readable
medium (also referred to as a computer-readable medium, a
processor-readable medium, or a computer usable medium
having a computer-readable program code embodied
therein). The machine-readable medium can be any suitable
tangible, non-transitory medium, including magnetic, opti-
cal, or electrical storage medium including a diskette, com-
pact disk read only memory (CD-ROM), memory device
(volatile or non-volatile), or similar storage mechanism. The
machine-readable medium can contain various sets of
instructions, code sequences, configuration information, or
other data, which, when executed, cause a processor to per-
form steps in a method according to an embodiment of the
disclosure. Those of ordinary skill in the art will appreciate
that other instructions and operations necessary to implement
the described implementations can also be stored on the
machine-readable medium. The instructions stored on the
machine-readable medium can be executed by a processor or
other suitable processing device, and can interface with cir-
cuitry to perform the described tasks.

The above-described embodiments are intended to be
examples only. Alterations, modifications and variations can
be effected to the particular embodiments by those of skill in
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the art without departing from the scope, which is defined
solely by the claims appended hereto.

What is claimed is:

1. An apparatus for electrical stability compensation com-
prising:

a drive transistor connecting a power supply to a load;

a first variable capacitor having a gate and a source; and

a switch transistor for controlling a connection between a

programming signal source and a gate of the drive tran-
sistor;

wherein the gate of the first variable capacitor is connected

to the gate of the drive transistor and the first variable
capacitor is configured to draw a charge from the gate of
the drive transistor during a driving phase for the load.

2. The apparatus of claim 1 further comprising:

a second variable capacitor having a gate and a source;

wherein the gate of the second variable capacitor is con-

nected to the gate of the drive transistor and the variable
capacitor is configured to inject a charge to the gate of
the drive transistor during the driving phase.

3. The apparatus of claim 1, wherein the first variable
capacitor comprises a transistor in which a source and a drain
are shorted.

4. The apparatus of claim 3, wherein the transistor is an
asymmetrical transistor.

5. The apparatus of claim 1, wherein the first variable
capacitor comprises a capacitor and a transistor, wherein the
capacitor is connected between a source and gate of the tran-
sistor and a gate of the transistor is connected to the gate of the
drive transistor.

6. The apparatus of claim 1, wherein the gate and source of
the first variable capacitor are determined based on a depen-
dence of the capacitance of the first variable capacitor to the
gate to source voltage and the threshold voltage.

7. The apparatus of claim 2, wherein the second variable
capacitor comprises a transistor in which a source and a drain
are shorted.

8. The apparatus of claim 7, wherein the transistor is an
asymmetrical transistor.

9. The apparatus of claim 2, wherein the second variable
capacitor comprises a capacitor and a transistor wherein the
capacitor is connected between a source and gate of the tran-
sistor and a gate of the transistor is connected to the gate of the
drive transistor.

10. The apparatus of claim 2, wherein the gate and source
of the second variable capacitor are determined based on a
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dependence of the capacitance of the second variable capaci-
tor to the gate to source voltage and the threshold voltage.

11. The apparatus of claim 1, wherein the drive transistor is

an asymmetrical transistor.

12. The apparatus of claim 1, wherein the load comprises a

light emitting element.

13. The apparatus of claim 12, wherein the light emitting

element comprises an organic light emitting diode (OLED).

14. A method for electrical stability compensation com-

prising:

providing a programming phase during which:

a programming signal is provided to a gate of the drive
transistor; and
a charge is released from a first variable capacitor; and
providing a driving phase during which:
a charge is drawn from a gate of the drive transistor by
the first variable capacitor.
15. The method of claim 14 further comprising:
during the programming phase:
a charge is stored in a second variable capacitor; and
during the driving phase:
a charge is injected to the gate of the drive transistor by
the second variable capacitor.

16. The method of claim 14, wherein the load comprises a

light emitting element.

17. An apparatus for electrical stability compensation com-

prising:

a drive transistor connecting a power supply to a load;

a first variable capacitor comprising a transistor in which a
source and a drain to provide a gate and a source,
wherein the gate of the first variable capacitor is con-
nected to the gate of the drive transistor and the first
variable capacitor is configured to draw a charge from
the gate of the drive transistor during a driving phase for
the load;

a second variable capacitor comprising a transistor in
which a source and a drain to provide a gate and a source,
wherein the gate of the second variable capacitor is
connected to the gate of the drive transistor and the
variable capacitor is configured to inject a charge to the
gate of the drive transistor during the driving phase; and

a switch transistor for controlling a connection between a
programming signal source and a gate of the drive tran-
sistor.



